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Abstract 


We explore the possibility of extracting the weak phase 7 from pure tree 
decays A;, —> A (D°, D°,D^ P ) in a model independent way. The CP violating 
weak phase 7 can be determined cleanly, without any hadronic uncertainties, 
as these decay modes are free from the penguin pollutions. Furthermore, 
neither tagging nor time dependent studies are required to extract the angle 
7 with these modes. 


Typeset using REVTpX 


1 


I. INTRODUCTION 


CP violation still remains one of the unsolved problems till date in particle physics JT] Q , 
even after almost four decades of its discovery in 1964 in neutral K meson system. Since 
then various attempts have been made by theorists and experimentalists to understand it 
but without much success. The Standard Model (SM) provides a simple description of 
this phenomenon through the complex CKM matrix Q. Decays of 5 mesons provide a 
rich ground for investigating CP violation |5|.j6|. They allow stringent tests both for the 
SM and for studies of new sources of this effect. Within the SM, CP violation is often 
characterized by the so called unitarity triangle |7]. Detection of CP violation and the 
accurate determination of the unitarity triangle are the major goals of experimental B 
physics |Q. Although the exact cause of its origin is not yet understood completely but 
the recent results from SLAC and KEK 5-factories, the first evidence of large CP violation 
in 5-systenrs |5,TH], have necessitated renewed interests in understanding the nature of 
CP violation within the framework of Standard Model (SM), instead of looking beyond it. 
Therefore, it is really high time in particle physics in general and 5-physics in particular 
since CP violation is interlinked to many problems in particle physics. It can also give us a 
possible explanation for the baryon asymmetry of the universe. The general expectation is 
to check all possible ways to find out the root cause of it and explore as many decay modes 
as possible to arrive at a decisive conclusion. We now believe that the CKM explanation of 
SM (which explains the CP violation in K-systems), may also explain the mechanism of CP 
violation in 5-systenrs. The knowledge gained in exploring various scenarios in 5-systenrs 
within the SM will give us enough hints regarding the possible stucture of CP violation in 
and beyond the SM, and may possibly also help us to narrow down our searches in that. 

In Standard Model, the phenomenon of CP violation can be established if we can mea¬ 
sure accurately the three angles (a = </> 2 , /3 = 4>i and 7 = 0 3 ) of the CKM unitarity triangle, 
which add up to 180°. The angle (3 is the simplest one and can be measured in the gold 
plated mode 5 —> J/i/jKs without any uncertainties Jll]|T 2 |]. In fact the value of sin 2/3 has 
recently been reported [?|.jT 0 !] . The angle a can be measured from the decay mode 5 —> 7 T 7 t 
ora- Although the presence of penguin contribution introduces some uncertainties, but 
with isospin techniques [|13|] the penguin contamination can be disentangled so that a can be 
extracted without hadronic uncertainties. However, this analysis requires the measurement 
of 5° —> 7 r° 7 r°, which is not feasible with first generation 5-factory experiments. Alterna¬ 
tively, a can be determined by applying the isospin technique to 5 —> /wr decays Jl^] . The 
most difficult to measure is the angle 7 . To this end, various interesting proposals have been 
made with a view to obtain 7 with lesser or no hadronic uncertainties and the search is going 
on to find out a gold plated mode from which one can extract 7 cleanly. It has been shown 
by Gronau, London and Wyler (GLW) |R| that 7 can be extracted from 5 —> DK decay 
rates, employing amplitude triangle relations. Later, modification with different final states 
for these decay modes has been put forward by Atwood, Dunietz and Soni (ADS) |I 6 | so 
that one can hope to find 7 without uncertainties from the above decay modes. In Ref. 0 
the self tagging modes 5° —> D°K*° have been considered for the extraction of 7 . It has 
been discussed in Ref. JH| that 7 can also be determined cleanly from B s —> Df K decays. 
The triangle approach was also extended to the B c system |19| to extract 7 . It is shown 
that the SU{ 3) relations [20j can be employed between 5 —> Ktt,7ttt decay amplitudes for 
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the extraction of 7 and a nontrivial bound for 7 can be obtained. It is also argued that the 
phase 7 can be extracted from the B c —» DD S decays |H|, without any hadronic uncertain¬ 
ties, since these are pure tree decay modes and are free from penguin pollutions. We have 
recently studied another possibility to find the angle 7 cleanly from B® —> D°(p decay modes 

& 

As emphasized above the determination of the angle 7 is most challenging, and therefore, 
it requires further scrutiny. It should be noted here that the precise value of 7 will play a 
crucial role for testing the validity of CKM model of CP violation in SM, since the standard 
technique of the unitarity triangle will largely depend on it. Hence, the goal is to check all 
possible decay modes and try to determine the angle 7 as cleanly as possible. I 11 this paper 
we would like to show that the angle 7 can also be extracted from the pure tree decays 
of the Ab baryon i.e, A & —> A {D°, D°, D^ p }. The advantage of these decay modes is that 
these are free from penguin pollutions and the amplitudes are of similar sizes. Furthermore, 
neither tagging nor time dependent studies are required for these decay modes, so 7 can 
be extracted cleanly without hadronic uncertainties. CP violation in the bottom baryon 
case has earlier been studied by Dunietz fl23|. One of us has recently studied the decay 


mode A;, —► pn in and beyond SM [E4[]. Here we would like to emphasize that the bottom 


baryon decay modes may serve as alternatives and/or may supplement the bottom meson 
decays for the study of CP violation. Although the branching ratios of Ab decay modes are 
smaller in comparison to those of the B counterpart modes, but there are certain advantages 
for the former case over the later. The usual problem with the bottom meson (for mixing 
induced CP violation) is the tagging and the time evolution of the decaying particle are 
not required for bottom baryon case. In Ref. [^3j it has been shown by Dunietz that the 
angle 7 can be determined from various baryonic decay modes. He has analyzed in detail 
the decay modes Ab —> A{D°, D°, D^ P } and the corresponding charge conjugate modes by 
considering three specific cases : i. the p -wave dominance, it. the s-wave dominance Hi. 
the p- to s-wave ratio to be constant, and has shown that 7 can be determined from the 
partial decay rates of the above six processes. I 11 this paper we would like to explore the 
possibilities of extracting the angle 7 , without assuming the dominance of either s-wave or 
p- wave. For this purpose we need only the experimental observables (i.e., the decay rate 
and angular distribution parameters) for the above six processes and the information on 7 
can be extracted from these observables. The plan of the paper is as follows. In section II, 
we present the phenomenology of hyperon decays. The formalism of the extraction of the 
angle 7 from the decay modes Ab —* A{D°, D°, D^ P } is presented in Section III. Section IV 
contains our conclusion. 


II. PHENOMENOLOGY OF HYPERON DECAYS 


The study of CP violation in strange hyperon decays has been extensively studied in Ref. 
25j , where the phenomenology of hyperon decays has been discussed in great detail. However 


for the sake of completeness we shall present here the basic features of the nonleptonic 
hyperon decays. The most general Lorentz-invariant amplitude for the decay Ab —> A D° can 
be written as 


Amp(Ab(pi) -> A (p f )D°(q)) = iu\(p f ){A + Bj 5 )u Ab {pi) , (1) 
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where u A and u Ab are the Dirac spinors for A and Aft baryons respectively. The parameters 
A and B are complex in general. The matrix element for the corresponding CP conjugate 
process A b —> A D° is given as 

Amp(A b (p i ) -»■ A (p f )D°(q)) = iv K (pf)(-A* + B*~/ 5 )v Ab (pi) . (2) 

The spin structure present in Eq. (1) can be easily analyzed by reducing the 4x4 Dirac 
algebra to the 2x2 Pauli algebra. The matrix element may then be written in terms of 
S-wave (parity violating) and P-wave (parity conserving) as 

Amp (Aft (pj) -> A (p f )D°(q)) = x A ( S + Per ■ q)xA b , (3) 

where XA b and xa are the Pauli spinors, cr are the Pauli spin matrices and q is the c.o.m. 
momentum of the final particles in the rest frame of Aft baryon. The amplitudes S and P 
are given as 


S 



{{m Ab + m A ) 2 -m 2 D } 
167 T m\ b 


P 



{{m Ab - m A ) 2 - m 2 D } 
16 ? Tm\ b 


( 4 ) 


The experimental observables are the total decay rate Y and the asymmetry parameters 
a', f3' and 7 ' which govern the decay-angular distribution and the polarization of the final 
baryon. The decay rate is given as 


P = 2|q|{|S '| 2 + \P\ 2 } 


and the asymmetry parameters are given as 

, 2R e(S*P) 


ISI 2 

+ 

\P \ 2 

2Im(5 

*P) 

l^l 2 

+ 

\P | 2 

l^l 2 

— 

|P | 2 

l^l 2 

+ 

P | 2 


( 5 ) 


( 6 ) 


However, these three angular distribution parameters are not independent, and are related 
as 

c / 2 + P' 2 + Y 2 = 1 • (7) 

Thus there are three independent observables (T and any two of ct',/3' and 7 '). Likewise, 
the observables for the antihyperon decays ( f, a 1 , /3' and 7 ') can be written similar to Eqs. 
(|) and (||) with S and P replaced by S and P respectively. 

With Eqs. (|5|) and we can alternatively obtain the following three observables for 
nonlcptonic hyperon decays 
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( 8 ) 




\P\ 2 = 


41 q| 


(1 - 70 


tan A = — , 
a' 

where A is the relative strong phase between the S and P wave amplitudes. After knowing 
the phenomenology of hyperon decays, we now proceed to extract the weak phase 7 from 
the decay modes Aft —> A{P°, D°, D^ P }. 

III. EXTRACTION OF THE ANGLE 7 


With the advent of hadronic b facilities it becomes possible to produce A& baryons in 
large numbers. In this paper we show that the baryonic counterpart of the B® —> D°K S 
decay modes could be well suited to extract the CKM angle 7 . The corresponding A b decays 
are Aft —> A {D°, D°, D^ p }, where D® CP is the CP eigenstate of neutral D meson. Let us 
now write the decay amplitudes for the above processes. Both these amplitudes proceed 
via the colour suppressed tree diagrams only and hence are free from penguin pollutions. 
The amplitude for A b —> AD° arises from the quark level transition b —> cus and hence has 
no weak phase in the Wolfenstein parametrization, while the amplitude A b —> A D° arises 
from b —> ucs transition and carries the weak phase e - * 7 . The amplitudes also have the 
strong phases e l<5 i and e lS 2 , where i = S or P. Thus we can write the decay amplitude for 
A b —> A D° process as (here and henceforth we will not write explicitly the spinors XA b and 
Xa in the decay amplitudes) 


A 1 = Amp(A fe -> A D°) = S x e 1 ^ + P x ejC a 


JSi 


q = (5i 


+ Pie 


iAi 


a ■ q 


( 9 ) 


where S\ and Pi are magnitudes of the S and P wave amplitudes and Ai = Sf — Sf, is the 
relative strong phase between them. From the decay mode A b —> AD°, one can extract the 
three observables Si, Pi and A using Eq. (§). Similarly, one can write the decay amplitude 
for the process A^ —> A D° as 


A 2 = Amp(A b -> A D°) = e~^ (S 2 e t6 * + P 2 e i5 * a ■ q) = (S 2 + P 2 e^a ■ q) . (10) 

Thus from this decay mode we can extract another set of three observables S 2l P 2 and A 2 . 
Now, the amplitudes for the corresponding CP conjugate processes are given as 


A 1 = Amp(A & A D°) = S ie i5 " + P x e<cr ■ q = e iS ? + P ie lAl a ■ q) , 

A 2 = Amp (Aft A D°) = e' 7 (S 2 e l6 * + P 2 e iS * a • q) = e* 7 e ,; ^ (s 2 + P 2 e iA V • q 


( 11 ) 


where S i i2 = — S'i >2 and P p2 = Pi j2 . Considering these two above decay modes, the observ¬ 
ables Si i2 , Pi )2 and A i)2 can be determined. 

We now consider the decay modes Aft —> AP^., where D° ± denote the neutral D meson 
even/odd CP states, defined as D p = (D° ± D 0 )/ y/2. The CP even state D° + can be 
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identified by the CP even decay products such as 7 r + 7 r“ and K + K ~, whereas the CP odd 
state D°_ can be identified by the CP odd products such as K S Tr°, K s p°, K s to and JPs0. One 
can use either of these two CP eigenstates for the extraction of 7 . Here we are considering 
the CP even eigenstate (-D+), however, the same argument will also hold for the CP odd 
state (D°_). 

The amplitude for A b —* A D° + is thus given as 


A + = Amp(A ft -> A D° + ) = S + e iS + + P+e i5 +a ■ q = e iS + (S+ + P 4 


e lA+ cr ■ q 


( 12 ) 


where S + , P + are the magnitudes of the S and P wave amplitudes with phases e lS + and 


• s -p 

e +. It should be noted that these phases contain both strong and weak components. Thus 
from this decay mode we can extract the observables S + , P + and A + = — 8+. We can 

write the amplitude for this decay mode in another form, i.e., 

1 




Amp(Aft —>■ AD U ) + Amp(Aft —> A D°) 


V2 


e iS * (Si + S 2 e iia +-^) + e< (p x + P 2 e^+^) 


(T ■ q 


where cr+ P = <5 P,P — Af ’ p . Thus comparing Eqs. (|T2| ) and ([P]) we obtain 


S + e i5 + = —e"! 
P+e iS + = 


1 


iS? 


V2 

1 


(s 1 + S 2 P 


(o5~7) 


+ 


(Pi + P 2 e 




(13) 


(14) 


Now the amplitude for the corresponding CP conjugate process, i.e., A b —> AH') is given as 


A + = Amp (A;, -> A D° + ) = — \A 1 + A 2 


= S+e iS + + P + e iS +(7 ■ q = e iS + 


(s+ + 7 


e tA+ fr ■ q 


(15) 


— — .e-g .J~p 

where S +1 P + are the magnitudes of the S and P wave amplitudes with phases e + and e l +. 
The observables obtained from this decay modes are S+, P + and A + = 5 P —<5+. Substituting 
the values of Ai and A 2 from Eq. (|H]) in Eq. (|15|) we obtain the relations similar to Eq. 
(0) as 

S+e i5 + = ~^=e iS ? (Pi + S 2 e i(CT + +7) ) , 

P + e iS + = -^=e< (P 1 + P 2 e i( < +7) ) . (16) 

V 2 v 


We now use Eqs. da) and (p~ 6 |) to obtain the weak phase 7 . To derive the analytic expression 
for 7 , we define the combinations of observables 


X 

X 


2Sl - S , 2 - Si 

2S\ - Si - Si 
2S±S 2 


(17) 
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Here we have considered only the S wave components, but similar combinations can also 
be derived from the P wave observables and one can use either set, for the extraction of 7 . 
Thus, in this method we need to know only the magnitudes of S and P waves but not the 
phase difference between them. 

ft is now very simple to see that one can obtain an expression for 7 from Eq. (0) as 

27 = arccosX — arccosX , (18) 


with some discrete ambiguities. One can also obtain the value of sin 2 7 from Eq. ( 0 ) via 
the relation 


sm 7 = 


1 - XX ± J(1 - X 2 )(l - X 2 ) 


(19) 


One of the sign in Eq. ([L9]) will give the correct value of sin 2 7 , while the other will give the 
value of the strong phase sin 2 cr+. 

One can use both S and P wave observables so that some of the ambiguities will be 
reduced and 7 can be determined cleanly. 

Now let us find out the values of the branching ratios for the above decay modes. The 
decay processes A & —> A D Q and A& —> A D° are governed by the quark level transitions 
b —> cus and b —> ucs respectively. The effective Hamiltonians for such transitions are given 
as 

Heffib -> cus) = ~^= V cbKs [Ci(m b )(cb)(su) + C 2 (m b )(cu)(sb)\ (20) 

and 

T-C e ff(b —> ucs ) = ^ =V ub V* s [Ci(m b )(ub)(sc) + C 2 (m b )(uc)(sb )] ( 21 ) 


respectively, where C\{m b ) = 1.13 and C 2 (m 6 ) = —0.29 are the Wilson coefficients evaluated 
at the renormalization scale m b . ( cb) = C 7 M (1 — 75 ) 6 , etc. are the usual left handed color 
singlet quark currents. 

The hadronic matrix elements of the four-fermion current operators present in the effec¬ 
tive Hamiltonian (^) and (|2l|) are very difficult to evaluate from the first principle of QCD. 
So to evaluate the matrix elements of the effective Hamiltonian, we use the generalized fac¬ 
torization approximation. In this approximation, the hadronic matrix elements of the four 
quark operators split into the product of two matrix elements, one describing the transition 
of the initial baryon to the final baryon state and the other describing the formation of the 
final meson from vacuum. Furthermore, the nonfactorizable contributions, which play an 
important role in colour suppressed decays, are incorporated in a phenomenological way : 
they are lumped into the coefficients 07 = C\ + C 2 /X c and a 2 = C 2 + Ci/N c , so that the 
effective coefficients a\^ and are treated as free parameters and their values can be 
extracted from the experimental data. In this paper we shall denote a 2 ^, which describes 
the color suppressed decays, by simply a 2 . Thus the factorized amplitude for the decay 
process A b —> A D° is given as 


Amp(A fe A D°) = ^V cb V* s a 2 {D°\(cu)\0)(A\(sb)\A b ) 


( 22 ) 
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The general expression for the baryon transition is given as 


(A(p f )\V^ - A^kbipi)) = u A (p f )\ fi(q )7m + */ 2 (? )onvq v + h(q )q» 


[gi(q ) 7 m + *92(q )^^q u + 9s{q )q »]75 \u\ b {Pi) , 


( 23 ) 


where q = Pi — Pf ■ In order to evaluate the form factors at maximum momentum transfer, 
we have employed nonrelativistic quark model [^6[], where they are given as : 


/l(9m) 


N. 


= 1 


Am 


+ 


Am 


fi 


2 m Ab 4 m Ab m s 
Am L 

-^ Tn * b 


h(q 


8m Ai m A m b 
1 1 


2m A 

(m Ab + m A — Am) 

L 


) {m Ab +m A - Am) 


N- 


fi 


2m A 


9i(q 2 m 

Nfi 

gsiqi) 


2 m Ab 4 m Ab m s 

—-[(m A6 + m A ) + Am] 
zrn Ab Tn^iTi}) 

AmL( 1 1 \ 


) (rn Ab + m A - Am) 


= 1 + 


N- 


m Ah m s m A m b/ 


+ 


fi 


4 \m Ab m s m A m h J 


(24) 


where L = m A — m s , Am = m Ab — m A , q ^ = Am 2 , m b and m s are the constituent quark 
masses of the interacting quarks of initial and final baryons with values m s —510 MeV and 
m b =5 GeV. Nfi is the flavour factor : 


Nfi flavor spin Afe)flavor spin — 


V3 


(25) 


Since the calculation of q 2 dependence of form factors is beyond the scope of the nonrela¬ 
tivistic quark model we will follow the conventional practice to assume a pole dominance 
for the form factor q 2 behavior as 


f(q 2 ) = 


/( 0 ) 


(1 - q 2 /my) 2 


9(q 2 ) = 


g{ o) 


(1 - q 2 /m 2 A ) 2 


(26) 


where my(m A ) is the pole mass of the vector (axial vector) meson with the same quantum 
number as the current under consideration. The pole masses are taken as my = 5.42 GeV 
and m A = 5.86 GeV. Assuming a dipole q 2 behavior for form factors, and taking the masses 
of the baryons and D° meson from Ref. [^7| we found 


fi(m 2 D ) = 0.08 , m A J 3 (m 2 D ) = -0.01 , gi(m 2 D ) = 0.13 and m Ab g 3 {m 2 D ) = -0.05 . (27) 
The matrix element (H 0 |A M |0) is related to the D° meson decay constant fo as 


(D°(q)\A lx \0) = -if D q lu 


(28) 
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Hence we obtain the transition amplitude for > A D° as 


G 


A(A b -»■ A D°) = - 7 =V cb V* s i f D a 2 u A {p f ) (fi(rn? D )(m Ab - m A ) + f 3 (m 2 D )m 


V2 

+ (gi(rn 2 D )(m Ab + m A ) - gz(rn 2 D )rn 2 D ) 75 


UA b (Pi) • 


( 29 ) 


Comparing the Eqs. (JTj) and ( |2U| ) we obtain the values of the parameters A and B as 
A = ^ =V cb V* s a 2 f D [fi(m 2 D )(m Ab - m A ) + f 3 (m 2 D )m 2 D 


B = V cb V* s a 2 f D [gi{m 2 D )(m Ab + m A ) - g 3 (m 2 D )m 2 D 


(30) 


Thus with Eqs. 


A D° is given as 
(31) 


([|) and (^|) the branching ratio for the process A^ 

BR(A b -»■ A D°) = 4.56 x 10 " 6 , 

where we have used a 2 = 0.3, fn = 300 MeV [^7] and the values of the CKM matrix elements 
from Ref. [27]. The branching ratio for the decay mode is A^ —»■ A D° is also found with Eqs. 
m), (D an d @ and by substituting the appropriate CKM matrix elements 


BR(A b -> A D°) = 8.29 x 


10 


,—7 


(32) 


Although the branching ratios for these decay modes are quite small, they could be observed 
in the future B experiments. 

Now let us study the experimental feasibility of such decay modes. The observables are 
the partial decay rate (T) and the angular distribution parameters a', /3' and 7 ', which char¬ 
acterize the strength of S and P waves. Measuring the partial rate requires 110 polarization 
while the measurement of a\ /3' and 7 ' do. In processes where the final baryon subsequently 
decays such as A b —> A(—>• pn~)D°, a! is determined from the decay distribution of the final 
baryon A —> pn~ . While the observables f3' and 7 ' require an initial polarization. Here, we 
would like to point out that because only a few percent of the D° modes are CP eigenstates, 
it might be difficult to extract the angular distribution parameters for A^ —> A D± modes. 
The BTeV experiment, with luminosity 2 x 10 32 cm - 2 s -1 , will produce 2 x 10 11 bb hadrons 


per 10' sec of running |28|. If we assume the production fraction as |29| 


B d : B~ : B* : A h = 0.375 : 0.375 : 0.15 : 10 


(33) 


we get around 2 x 10 10 numbers of A b baryon per year of running at BTeV. If we take the 
branching ratios as : BR(A b —■> A D°) ~ 4.5 x 10 -6 , BR(D° —■> K~tt + and K= 
0.12, the reconstruction efficiency as 0.05 and the trigger efficiency level as 0.9, we expect 
to get 486 A D° events per year. 


IV. CONCLUSION 

I 11 this paper, we have analyzed the possibility of extracting the weak phase 7 from the 
decay modes A b —> A{Z} 0 , D°, D° CP }. The transition amplitudes and branching ratios of 
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these decay processes are calculated using the effective Hamiltonian and the generalized fac¬ 
torization approximation. The advantage of these modes are that, first, they are described 
by the color suppressed tree diagrams only and are free from penguin contaminations. Sec¬ 
ond, neither tagging nor time dependent studies are required for these decay modes and 
hence 7 can be determined cleanly without any hadronic uncertainties. The price one has 
to pay is that the branching ratios for these processes are to be very small, of the order 
(10 -6 — 1(T 7 ), which are one or two order smaller than those of the corresponding B decays. 
Nevertheless, the absence of usual difficulties, as in the case of bottom mesons, make such 
modes worthy of careful study. To do so, we have to wait for the future high statistics B 
experiments, where large samples of A& events are expected to be available. 

To summarize, in this paper we have shown that the decay modes A& —> A {D°, D°, Dp, p } 
appear to be ideally suited for the clean determination of the angle 7 . Here we have consid¬ 
ered only the Standard Model contributions to the decay processes. So if the extracted value 
of 7 , from these modes differs from its value constrained by SM, then this would be a clear 
indication of the possible existence of new physics. Therefore, outside the B meson systm, 
these decay modes may possibly give us valuable information regarding the nature of CP 
violation and guide us to know physics beyond Standard Model. The strategies presented 
here are particularly interesting for future B experiments such as BTeV, LHCb and beyond. 
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